A new technique of double-crystal X-ray monochromatization is described that provides a higher flux at a given bandwidth than conventional perfectdouble-crystal-monochromator systems and, furthermore, permits dynamical adjustment of the energy resolution. The new technique is based on the excitation of perfect crystals by ultrasonic waves (USWs), which induces a continuous increase in reflectivity with increasing USW amplitude. Theoretical expressions in analytical form have been derived for both the differential and integrated reflection coefficients of USW-excited crystals for large amplitudes of vibration. For Si(440), the perfect-crystal reflection width of 3 x 10 -~' rad may be broadened to a width of more than 10-4 tad by USW excitation. First experimental studies of the dependence of the overall reflectivity of an X-ray double-crystal monochromator system on the amplitude of USW excitation prove the feasibility of the new technique. Potential applications include optimization of flux and bandwidth in resonant absorption, scattering or diffraction studies using synchrotron radiation.
Introduction
A number of applications of X-ray absorption, scattering and diffraction using synchrotron radiation require the highest possible flux and at the same time adjustment of the energy resolution in the incident beam as a function of specific experimental requirements and of intrinsic parameters of the system under investigation. This is the case in particular in studies involving wavelengths in the immediate vicinity of an absorption edge as well as wavelengths more remote from the edge. For example, when L-edge white lines are used for the anomalous phasing of biological macromolecular structures (Lye, Phillips, Kaplan, ~" 1994 International Union of Crystallography Printed in Great Britain all righls reserved Doniach & Hodgson, 1980) , narrow bandwidths AE/E< 10 4" are required. On the other hand, multiple-wavelength phasing techniques also involve measurements at wavelengths more remote from the edge, where broader bandwidths >10 -3 may be tolerated. Similar high-flux conditions are relevant for, for example, non-resonant diffraction data collection (e.g. Bartunik, 1991; Helliwell, 1992) and iodine K-edge angiography (see, for example, Rubenstein et al., 1986; Graeff & Engelke, 1991) . Ideally, the wavelength resolution of the monochromator system should be dynamically adjustable.
The reflection width of a double-crystal X-ray monochromator system may be reduced by tilting the second crystal relative to the first (Berman, Durbin & Batterman, 1985) , at the expense of the total reflected intensity. The reflection width may be enlarged by using crystals with broad mosaicity, such as graphite crystals (Hohlwein, Siddons & Hastings, 1988; Bartsch, Bartunik, Hohlwein & Zeiske, 1990) . Various techniques have been suggested to broaden the mosaicity of perfect crystals: these include annealing of Czochralski-grown silicon crystals (Schneider, Goncalves, Rollason, Bonse, Lauer & Zulehner, 1988; Joksch, Zaumseil & Zulehner, 1993) . However, broadening of the mosaic spread at the same time causes an increase in the divergence in the direction perpendicular to the scattering plane and hence to a decrease in the intensity incident on a small sample. This can only be avoided if the enhancement of the crystal mosaic spread is restricted to a single dimension. The present paper demonstrates that such a one-dimensional broadening of the reflectivity may be obtained in a controlled way by the excitation of a perfect crystal with transverse ultrasonic waves (USWs).
Previous studies showed that USW excitation of perfect crystals causes the appearance of angular satellites on the diffraction profile, giving rise to a Journal q[" Applied Crysta/h~qraph) 1SSN 0021-8898 ~" 1994 broadening in the rocking curve and an increase in the integral diffracted intensity (Collela, 1982; Chapman, Collela & Bray, 1983; Entin & Assur, 1981 ; Entin & Smirnova, 1988; K6hler, M6hling & Peibst, 1970; Zolotoyabko, Polikarpov, Panov & Schvarkov, 1992) . In the present investigation, we deal with the case of large amplitudes of vibration. We have derived analytical expressions that describe the differential and integral reflection coefficients of crystals under USW excitation. For the case of a Laue-type double-crystal monochromator with USW-excited crystals, we have theoretically investigated the angular distribution in the reflected beam, the energy resolution and the integral reflectivity. The case of Bragg geometry is qualitatively discussed. The predicted increase in the intensity reflected from a double-crystal monochromator under the influence of USW excitation has been verified experimentally.
Theoretical treatment
We theoretically investigated the influence of ultrasonic-wave excitation of a crystal on X-ray diffraction for the case of high ultrasound frequencies ranging from about 10 to 100 MHz. In this frequency range, the wavelength of ultrasound (about 10-100 lam) is of the same order of magnitude as the extinction length of X-ray reflections from silicon crystals at X-ray wavelengths near 1 ,~. Previous treatments (Polikarpov & Skadorov, 1987 assumed the USW amplitudes to be limited to small values with ~a << 1, where ~ is a reciprocal-lattice vector and a is an amplitude of ultrasonic vibrations. The present treatment is valid for all USW wavelengths. We consider, in particular, the case of large ultrasonic amplitudes. This is of interest for experimental applications, which are discussed below.
Methods and parameters
We assume that the incident white (synchrotron) X-radiation is linearly polarized and has a wavelength of 0.7 A. We further assume a sample thickness of 350 jam and -unless otherwise specified -an ultrasound wavelength of 35 ~m. All numerical simulations were calculated using the program MA THEMA TICA (Wolfram Research Inc., 1992) .
Solution of Maxwell's equations in the presence of US W excitations
The propagation of X-radiation in a crystal is described by Maxwell's equation ?2 V x V x E(r, t) + c-2 __ E(r, t) = -(4~z/c 2) ? ~t 2 C~t j(r, t), (1) where E(r,t) is the electric field in the electromagnetic X-ray wave and j(r, t) is the current induced in a medium by this wave. In the presence of ultrasonic excitation, the wave field in the crystal may be expanded into a series of slowly varying amplitudes, E~+p~(r, t), with lattice periodicity E(r, t) = ~ E~+pK(r, o9 + p(2)
Q is the ultrasound frequency and K is the ultrasound wave vector. Inserting (2) into (1), we obtain the following Bloch-wave solution: Cs is equal to 1 for s= 1 (o" polarization) and cos (20b) for s = 2 (Tr polarization). k is the wave vector of the X-radiation. 7o and Y l denote the direction cosines of the angles between k, k + ~ and the normal to the surface./~o and/~1 denote the direction cosines of the angles between k, k + and K. In the present paper, we use the full expansion series. This is different from previous treatments, which were limited to the case of small USW amplitudes and therefore only included the first three terms of the expansion.
In the case of a flat crystal, the system of equations (3) may be rewritten in a matrix form analogous to the Schr6dinger equation,
where the column matrix constructed from the 
The eigenvalues "~P,2 and projectors Pf.2 of the matrix ~, can be written as follows for l = 1, 2:
for/= 1,2. By analogy with the Schr6dinger equation, the operator ~ can be interpreted as an unperturbed Hamiltonian and the operator G as a perturbation. The eigenvalues 2~.2 give us the unperturbed refractive indices of a crystal:
In this case, the X-ray electromagnetic field in a crystal may be considered as a multilevel system. The refractive indices n~.2 play the roles of'energy terms' in this system of equations. The biggest changes in a two-level system may be induced under resonance conditions. This means that the ultrasonic wave vector should be chosen large enough to cause mixing of the levels. Quantitative investigation (Entin & Assur, 1981; Polikarpov & Skadorov, 1987 leads to the following expression for the threshold wave vector of the ultrasound:
and l~,h : k(lC~z~l/?).
Under resonance conditions, the waves I EO ) and I E~) are strongly coupled; the same is true for the waves I E°) and IE~-P). Then, from (4), (5) and (6), the following system of equations results:
where
~p is the nonzero eigenvalue of the matrix po (~p p~ G _ p (in the case of l E°) and IE~) coupling) or of the matrix P°d_..P?"d.. (in the case of IE2 °) and IEi -p) coupling).
The small USW amplitude limit can be derived from these generally valid equations by restricting p to the values 0 and + 1.
The intensities of the diffracted waves may easily be solved in Laue geometry• For symmetrical Laue diffraction, the crystal reflection coefficients can be written as 
Angular distribution of diffracted &tensity
Fig . 1 shows the theoretically calculated angular distribution of the diffracted intensity for the example of Si (220) under stationary conditions and under large-amplitude USW excitation. Diffraction of planemonochromatic X-ray waves from a stationary crystal occurs within an angular range defined by the half-width, AOhw, of the crystal rocking curve relative to the exact Bragg angle.
USW excitation causes the crystal to bend periodically. The refractive indices are changed and additional angular reflection ranges appear. As a result, a single angular reflection range of a stationary crystal is converted into a series of satellite peaks centred around the Bragg position. In the example of Fig. 1 , only the first ten out of a total of 26 satellites are shown. The half-width of the pth satellite is given by
The angular position of the pth satellite can be written
The number of satellites and the resulting total angular width of the reflection range depend on the phase value xa. In order to obtain 2N satellites, one has to realize the condition ~a ---N. The amplitude of vibrations is directly related to the deformation (220) (a) without and (b) with USW excitation. USW parameters: ~22oa = 12.5; As = 17.5 lain. Only the ten satellites nearest to the central peak are shown out of a total of 26. 
2s is the wavelength of the ultrasound, dhk ~ is the distance between (hkI) planes. Table 1 contains the number of satellites obtained for different reflections assuming parameters D = 10 -4 and 2 s = 35 p.m. Joint solution of (15) and (16) yields an estimate of the angular reflection width of a crystal deformed by USW. d0usw -2IDI.
For (xa) ~-N >> 1, the angular width of the reflection range depends on the energy of the ultrasound. The satellite peaks induced by USW excitation will only be resolved in the case of plane monochromatic waves. Under normal experimental conditions, the incident synchrotron radiation has a finite angular width following an approximately Gaussian distribution. The angular width generally exceeds the half-width of the reflection. Integration over the finite angular and energy ranges in the incident radiation leads to a superposition of satellites. Therefore, the X-ray beam reflected from the USW-excited monochromator has essentially the same angular distribution as the incident radiation. Thus, USW excitation broadens the bandpass and enhances the total intensity in the reflected beam without changing its angular characteristics.
An analytical solution of the system of equations (10) could also be derived for the Bragg case. However, this would involve cumbersome expressions, in particular for large amplitudes of vibration. Smallamplitude USW excitation of thin crystals has been previously investigated for both Laue and Bragg cases (Entin & Assur, 1981; Entin & Smirnova, 1988; K6hler, M6hling & Peibst, 1970; Zolotoyabko, Polikarpov, Panov & Schvarkov, 1992) . Theoretical considerations, numerical simulations and experimental studies indicated that small-amplitude USW excitation causes essentially the same effects in Bragg and Laue geometries. We expect a similar result for the case of large USW amplitudes.
Threshold conditions as functions of the US W amplitudes
Under the exact Bragg condition (~ = 0), the threshold is
Ultrasonic waves affect X-ray dynamical diffraction resonantly if their wave-vector moduli exceed Kth. This has been confirmed experimentally for various diffraction conditions by a number of authors (K6hler, M6hling & Peibst, 1970; Entin, 1977; Entin & Assur, 1981; Entin & Smirnova, 1988; Zolotoyabko, Polikarpov, Panov & Schvarkov, 1992) . The parameter ~th [(9a)] describes the situation in a quasistationary crystal structure that is slightly modified by ultrasound excitation. When za << 1, the ultrasound does not strongly affect the main reflection but rather causes the appearance of a few satellites around it. When the USW amplitude increases and ra >> l, both the number of satellites increases and the width of the central reflection is reduced. For a crystal under USW excitation, the width of the pth satellite is proportional to Jp(~a) [ (14)]. The angular width of the central reflection is proportional to the zerothorder Bessel function. This provides the possibility to adapt the USW parameters to the requested reflection width. This can be achieved in a number of ways. For example, the frequency of ultrasound may be reduced and at the same time the amplitude of vibrations enhanced in order to obtain a similar deformation.
Integral intensity
The broadening of the reflection bandwidth leads to an increase in the total integral intensity. An expression for the total integral intensity is obtained by analytical integration of (12).
This is illustrated in Fig. 2 , which shows the increase in the total X-ray intensity diffracted by Si(220) and Si(440) under USW excitation. Extinction beats are visible; such beats were experimentally observed by Entin & Smirnova (1988) . The integral intensity of the Si(440) reflection under USW excitation at moderate amplitudes 1:44oa ----10-20 may exceed the integral intensity obtained from Si(220) under stationary conditions.
Double-crystal geometry
In the standard case of a dispersion-free set-up consisting of two flat crystals, the total flux in the monochromatized X-ray beam is proportional to the angular reflection ranges of the crystals and to their reflectivities. When both crystals are subjected to USW excitation, the total reflection coefficient of the double-crystal monochromator is given by (02) , (20) where Ii(0~) and 12(82) are reflection coefficients for the first and second crystals, respectively, and 0t and 02 are the corresponding Bragg angles. The total reflectivity of the double-crystal system reaches its maximum for 0l = 02; this situation is considered in the following. Assuming over-threshold USW excitation with well resolved satellites, we obtain 
Rto,= I d011(01)I2
If the ultrasound amplitudes are the same in the two crystals (xal = xa2), USW excitation enhances the total reflection coefficient of the double-crystal monochromator by the same factor as in the case of a single crystal [see (19)]. The factor becomes smaller if the amplitudes are different. Fig. 3 shows the theoretically expected dependence of the ratio usw = 3 and (Rtot /Rio0 on Ta2 for the examples xa 1 ~al = 5. One sees that a two-or threefold increase in the total intensity upon USW excitation still remains even if the amplitudes differ by as much as 30%. USW excitation may also be employed in the case of slightly imperfect crystals consisting of perfect domains. Under the effect of USW, the reflectivity of each domain will increase up to the kinematical limit. On the basis of (20), one finds that the total intensity diffracted from a mosaic double-crystal system is enhanced even if only one crystal is excited with USW. The USW-induced increase in the reflectivity of single perfect domains of the one crystal enhances the overall reflectivity of the double-crystal system as long as the USW-broadened angular-reflection range does no exceed the mosaic spread of the other crystal. For a further increase in the overall reflectivity, both crystals have to be excited with USW. Such conditions are further discussed below on the basis of experimental results.
Energy resolution
The increase in the diffracted intensity under USW excitation is accompanied by a degradation of the (220), USW excitation with ~22oa = 12 enhances the total reflection coefficient by a factor of 4.4; at the same time, the wavelength bandpass broadens by a factor of 2.5. In the case of Si (440), USW excitation with 't'44oa = 20 broadens the bandpass by a factor of 3.6. The USW-broadened bandpass is 11% smaller than the bandpass obtained with perfect Si(220). The diffracted intensity, however, is 25% higher than that from perfect Si(220). Thus, at a given bandwidth, USW excitation permits use of the higher-order reflection without loss in intensity; the bandwidth may easily be narrowed by reducing the USW amplitude.
In the case of a narrow incident divergence (e.9. a few 10-5 rad) comparable to the Darwin width of the stationary perfect crystal, USW excitation may be employed to vary the wavelength resolution over a wide range. For Si(440), USW excitation with ~44oa = 20 will induce a change in the wavelength resolution, A2/2, from 8.0 x 10 -6 to 5.26 × 10 -4.
The divergence in the diffracted beam will essentially be unaffected; however, the beam width will slightly increase.
Experimental results
We first carried out experiments to test the theoretical predictions. A double-crystal arrangement was employed with a nondispersive (n,-n) Laue-Bragg configuration. The first crystal was a thin quartz plate. Silver electrodes were electrochemically attached to both sides of the plate. This crystal was set in Laue reflection geometry for the (2240) planes. The second crystal, which served as an analyzer, consisted of a thick slab of quartz cut parallel to the (1120) planes. Fig. 5(a) shows the rocking curve of the double-crystal system without USW excitation. The relatively broad half-width of 11" of the rocking curve indicates that the crystals were far from perfect. Further experiments showed that they were also not ideally imperfect crystals but rather consisted of quasiperfect domains with imperfect relative orientations. With the assumption of a Gaussian distribution, the mosaic spread was about 8". Unfiltered Mo Ks radiation from a sealed-tube X-ray generator was used. The diffracted intensity was measured with an Nal scintillation detector and CAMAC electronics. Transverse ultrasonic waves were generated in the first crystal by a high-frequency generator with regulated power output and amplifier. The main resonance frequency of the crystal was 12.06 MHz. We applied radio frequencies corresponding to the third, fifth and seventh harmonics.
Rocking curves and the overall intensity diffracted from the double-crystal set-up were measured as functions of the frequency and the RF voltage of USW excitation of the first crystal. Fig. 5(b) shows that USW excitation with the third harmonic frequency (36.15 MHz) and a RF voltage of 7 V widened the rocking curve to an angular half-width of 34", i.e. by a factor of three as compared to the undisturbed rocking curve (Fig. 5a) . Application of higher (fifth or seventh) harmonics with smaller acoustoelectrical coefficients widened the rocking curve by a smaller factor; a half-width of 18" was observed at 60.3 MHz (Fig. 5c) , and one was observed of 17" at 84.5 MHz (Fig. 5d) . In addition to a broadening in the rocking curve, USW excitation caused the maximum diffracted intensity to increase. For the example of USW parameters 84.5 MHz and 5 V, the intensity was enhanced 2.8-fold over the peak intensity without USW excitation (Fig. 5d) . Such an increase in the reflectivity may be explained on the basis of the theory presented above. USW excitation enhanced the reflectivity of each of the quasiperfect domains in the quartz crystal.
The total reflectivity of the double-crystal arrangement increased continuously with increasing RF voltage. The results obtained for the third harmonics (36.15MHz) show that the diffracted intensity corresponding to the peak of the rocking curve, when displayed as a function of the RF voltage, reaches a maximum at about 6.5 V and then decreases (Fig. 6) . The occurrence of a maximum may be explained as follows. An increase in the RF voltage and thus in the USW amplitude induces an increasing broadening in the mosaicity of the first crystal. As long as the mosaicity of the first crystal remains smaller than the mosaic spread of the second crystal, the overall intensity reflected from the double-crystal system is enhanced with higher USW amplitude. Further increase in the USW amplitude leads to scattering of X-rays outside the acceptance range of the second crystal and thus to a reduction in the overall reflectivity.
At the higher frequencies of the fifth and seventh harmonics, the acoustoelectrical coefficients were smaller and the RF signal amplifier that was available for the experiments could not deliver amplitudes exceeding 3.8 V at 60.3 MHz and 5 V at 84.5 MHz. As a consequence, the peak intensity for the fifth harmonic just reached saturation. In the case of the seventh harmonic, not even saturation could be reached; nevertheless, the relative maximum intensity was still higher than the saturation values for the lower frequencies. In general, higher USW frequency causes wider angular separation of satellites and hence higher peak intensity, provided that the power of the RF generator is sufficient to reach saturation. The integral intensity of X-rays diffracted in total from an USW-excited crystal depends on a number of parameters; these include, on the one hand, the acoustoelectrical properties of the piezo-crystal, the frequency and the RF voltage and, on the other hand, crystallographic parameters like the extinction length and the mosaicity. For a maximum of this multiparametrical function to be obtained, the frequency-amplitude dependence has to be investigated for each individual system.
Concluding remarks
Large-amplitude ultrasonic excitation of perfect crystals provides a means of broadening the reflection width for X-radiation in a controlled way. Unlike other known techniques of inducing broadened crystal mosaicities, USW excitation causes a one-dimensional increase in the mosaicity. The broadening in the reflection width increases continuously with increasing USW amplitude. When USW excitation is applied to a single-or double-crystal monochromator system, the energy resolution may be adjusted dynamically and continuously. For a double-crystal monochromator and an incident divergence of 10 -4 rad corresponding to the natural divergence in the synchrotron X-ray beam, USW excitation permits one to dynamically change AE/E by a factor of about 3-4. If the incident divergence is reduced to a few 10-5 rad, then 3E/E may be varied ultrasonically over a wide range covering nearly two orders of magnitude, without affecting the divergence in the diffracted beam. Thus, both the divergence and the bandpass may be adjusted optimally to the experimental conditions. Our experimental results demonstrate the validity of the theoretical predictions and the feasibility of applying sufficiently large ultrasound amplitudes in Laue-case diffraction. USW excitation of crystals in Laue geometry is technically relatively easy. Furthermore, the required threshold frequency of ultrasound is proportional to the wavelength and thus may be favorably low (<100MHz) in the case of hard X-rays with energies above circa 20 keV. Laue-case diffraction under USW excitation may be relevant for a number of applications including, for example, protein crystallography at very short wavelengths, digital subtraction angiography (Barsukov et al., 1991) and Laue transmission X-ray spectographs replacing more conventional solutions, which have recently been described in the literature (e.g. Burek, 1992) . At medium photon energies of about 4-20 keV as are employed in the majority of resonant absorption, scattering or diffraction studies, monochromators are usually operated in Bragg geometry. Ultrasound excitation of Bragg-type monochromator crystals may be facilitated by recent progress in surface acoustic wave technology. Zolotoyabko (1993) demonstrated that surface acoustic waves may be excited at high frequencies (<500 MHz) with relatively large amplitudes of vibration in the range ra = 3-5. For this purpose, thin piezoelectric films may be deposited on the surfaces of perfect crystals, e.g. on silicon or germanium; layered structures forming interdigital transducers for acoustic wave excitation may be used to generate strong ultrasonic waves in a controlled way. Furthermore, such surface USW-excitation techniques practically do not affect the bulk of the crystal. Therefore, surface ultrasound should also be applicable to, for example, asymmetrically cut crystals and should not interfere with crystal cooling as required for monochromators at highintensity synchrotron-radiation beamlines.
The new technique is of potential interest for all applications of X-ray absorption, scattering or diffraction that require the highest possible flux and variable energy resolution. This is of particular importance for experiments involving X-ray energies in the vicinity of absorption edges. In the example of scanning extended X-ray absorption fine structure spectroscopy or X-ray absorption near-edge structure experiments, the energy resolution and the flux may be optimized for each study individually. In iodine K-edge angiography, the reflected intensity may be enhanced without degradation of the beam collimation. Experimental phasing of protein structures by multiple-anomalous-diffraction techniques may profit from optimum adjustment of the energy resolution to maximize anomalous effects for minimum exposure times and radiation damage. In addition, a number of non-resonant scattering or diffraction applications of highly collimated synchrotron X-radiation could tolerate significantly broader bandwidths than are provided by the standard perfect silicon of germanium monochromators. In summary, ultrasonic excitation of monochromator crystals is of potential interest for the efficient use of synchrotronradiation sources in a broad range of applications. 
